Aberrant activation of TGF-β1 is frequently encountered and promotes epithelial-mesenchymal transition (EMT) and fibroblast activation in pulmonary fibrosis. The present study investigated whether emodin mediates its effect via suppressing TGF-β1-induced EMT and fibroblast activation in bleomycin (BLM)-induced pulmonary fibrosis in rats. Here, we found that emodin induced apoptosis and inhibited cellular proliferation, migration and differentiation in TGF-β1-stimulated human embryonic lung fibroblasts (HELFs). Emodin suppressed TGF-β1-induced EMT in a dose-and time-dependent manner in alveolar epithelial A549 cells. Emodin also inhibited TGF-β1-induced Smad2, Smad3 and Erk1/2 activation, suggesting that Smad2/3 and Erk1/2 inactivation mediated the emodin-induced effects on TGF-β1-induced EMT. Additionally, we provided in vivo evidence suggesting that emodin apparently alleviated BLM-induced pulmonary fibrosis and improved pulmonary function by inhibiting TGF-β1 signaling and subsequently repressing EMT, fibroblast activation and extracellular matrix (ECM) deposition. Taken together, our data suggest that emodin mediates its effects mainly via inhibition of EMT and fibroblast activation and thus has a potential for the treatment of pulmonary fibrosis.
Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, and devastating lung disease with unknown etiology and poor prognosis 1 . Most of the patients with IPF develop honeycomb lung and die of irreversible loss of pulmonary function 1 . Despite transient clinical stability, progressive deterioration is inevitable and the survival time of patients starting from the onset of symptoms is probably 3 to 5 years 2, 3 . However, current treatment options, including pirfenidone and nintedanib (BIBF 1120), the only two drugs approved by the United States Food and Drug Administration (FDA), are able to slow the progression of IPF but not reverse the established pulmonary fibrosis 4 . IPF still remains a major leading cause of death worldwide and represents a global challenge. Therefore, it is crucial to understand the pathogenesis and explore novel therapies with improved efficacy.
IPF is characterized by the formation of fibroblast and myofibroblast foci, which secrete excessive extracellular matrix (ECM), primarily fibrillary collagens, resulting in scarring and destruction of lung architecture 5 . In this process, resident fibroblasts, the key players in fibrotic tissue remodeling, play a pivotal role. Their migration, proliferation and differentiation make great contributions to the formation of fibroblast and myofibroblast foci 6 . Further, alveolar epithelial cells (AECs) also play a role via epithelial-mesenchymal transition (EMT) 7 . Previous studies suggest a close association between the progression of IPF and EMT, via loss of epithelial markers such as E-cadherin and expression of mesenchymal markers such as fibronectin and vimentin, indicating the potential role of EMT in IPF development 8, 9 .
. In addition to triggering the differentiation of fibroblasts into myofibroblasts and maintenance of contractile phenotype, it also induces EMT in AECs and plays a critical role in EMT-mediated organ fibrosis via canonical and non-canonical Smad signaling 5, 11, 13 . Both the pathways suppress the expression of E-cadherin by zinc-finger transcription factors such as Slug, ZEB and Snail 14 . Thus, anti-EMT approach or inhibition of TGF-β 1 signaling is also considered a promising therapeutic target in IPF 15 . Emodin (1,3,8-trihydroxy-6-methylanthraquinone) , an anthraquinone isolated from Rheum palmatum L. (Polygonaceae) exhibits antiviral, anti-inflammatory, anticancer, immunosuppressive and pro-apoptotic activities 16 . Recently, emodin has been reported to suppress proliferation by inducing apoptosis via the caspase-dependent pathway and exerted EMT-suppressing effect [17] [18] [19] . Emodin was also documented to alleviate pancreatic and hepatic fibrosis by inhibiting critical TGF-β 1 protein 20, 21 . Furthermore, emodin has been demonstrated to alleviate BLM-induced pulmonary fibrosis in mice 22 . However, the antifibrotic mechanisms have not yet been clarified. The present study was designed to investigate whether emodin mediates its antifibrotic effects through suppressing EMT and fibroblast activation by blocking activation of TGF-β 1 pathway. We found that emodin induced apoptosis and inhibited cell proliferation, migration and differentiation in TGF-β 1-stimulated human embryonic lungfibroblasts (HELFs). Emodin inhibited TGF-β 1-induced EMT in alveolar epithelial A549 cells by inhibiting TGF-β 1 signaling pathway. We also present in vivo evidence showing that emodin significantly repressed TGF-β 1 signaling, EMT, fibroblast activation and eventual ECM deposition in the BLM-treated lungs indicating potential therapeutic efficacy of emodin in pulmonary fibrosis.
Results
Emodin alleviates BLM-induced pulmonary fibrosis in rats. In order to evaluate the anti-fibrotic potential of emodin in vivo, rats stimulated with BLM (3.0 mg/kg) as described previously 23 were treated with 20 mg/kg emodin (daily, i.g.) for three weeks. Emodin was well tolerated by rats without any symptoms of weight loss, or acute or delayed toxicity, suggesting the selection of appropriate dosage. Interestingly, as illustrated by micro-CT of lung tissues, intratracheal injection of BLM induced the development of pulmonary parenchyma lesion with ground-glass opacities and honeycombing. Treatment of emodin ameliorated BLM-induced pulmonary fibrosis (Fig. 1a,b) . Similarly, emodin intervention significantly reduced the damage to normal lung architecture and excessive deposition of collage fibers due to BLM, as determined by Masson' trichrome staining (Fig. 1c) . Further, we measured the changes in pulmonary function after emodin treatment. Impressively, the pulmonary function of emodin-treated rats was significantly improved, as seen by decreased inspiratory resistance (Ri), expiratory resistance (Re) and increased dynamic compliance (Cdyn), when compared with BLM-treated rats ( Fig. 1d-f ). Emodin in non-BLM-treated rats generated no changes in lung pathology or pulmonary function.
Emodin inhibits TGF-β1-induced cell proliferation, migration and differentiation in human embryonic lung fibroblasts. We explored the detailed anti-fibrotic mechanisms of emodin. Migration and proliferation of fibroblasts/activated fibroblasts occurs at the initial stage of tissue repair in response to injury and contributes to the development of lung fibrosis 24 . To investigate the effects of emodin on the proliferation and migration of fibroblasts/activated fibroblasts, human embryonic lung fibroblasts (HELFs) were selected and cultured with and without 10 ng/mL TGF-β 1 and/or 30 or 60 μ M emodin for 24 and 48 h. We first explored whether emodin affected fibroblast proliferation and activation in HELFs using the CCK-8 assay. As shown in Fig. 2a ,b, treatment with TGF-β 1 led to an increased number of viable fibroblasts, whereas emodin significantly reduced the cell viability caused by TGF-β 1 in a dose-and time-dependent manner. Emodin also reduced cell viability in a dose-and time-dependent manner in unstimulated HELFs, indicating that emodin inhibits both constitutive and inducible fibroblast proliferation. Meanwhile, would healing was also evaluated to analyze the effects of emodin on the migration of fibroblast/activated fibroblasts. As shown in Fig. 2c -e, the migration rates of both basal and TGF-β 1-stimulated fibroblasts were blocked by emodin at 60 μ M after 24 h of assay, suggesting the inhibitory effect of emodin on fibroblast migration. Moreover, in injured lung tissues, fibroblasts are also activated and differentiate into myofibroblasts, which are a type of specialized contractile cells with higher profibrotic potential than fibroblasts 5 . Therefore, we also investigated the effect of emodin on TGF-β 1-induced myofibroblast differentiation. Immunofluorescence staining showed that TGF-β 1 substantially enhanced α -smooth muscle actin (α -SMA) expression, a marker of myofibroblast differentiation, as compared to control cells. Nonetheless, emodin treatment significantly reduced TGF-β 1-induced expression of α -SMA, when compared with TGF-β 1-treated cells, indicating that emodin significantly inhibited TGF-β 1-induced myofibroblast differentiation (Fig. 2f,g ).
Emodin promotes cell apoptosis in both basal and TGF-β1-stimulated human fibroblasts. We used flow cytometry to determine whether the anti-proliferative effect of emodin on HELFs was mediated via apoptosis. The data revealed that treatment with emodin increased cellular apoptosis both in unstimulated and TGF-β 1-stimulated fibroblasts (Fig. 3a,b) . Because apoptosis is triggered mainly via caspase-mediated signal transduction, we then investigated whether emodin induced apoptosis via caspase pathway. Western blot analysis showed that emodin significantly enhanced the expression of cleaved caspase-3 and cleaved caspase-8 in both unstimulated HELFs and TGF-β 1-stimulated HELFs (Fig. 3c,d) . Additionally, treatment with emodin decreased the expression of anti-apoptotic protein Bcl-2 and increased the level of pro-apoptotic protein Bax (Fig. 3c,e,f) . Therefore, the Bax/Bcl-2 ratio was significantly increased after emodin intervention (Fig. 3g) . These results showed that emodin promotes apoptosis of fibroblasts as well as TGF-β 1-stimulated fibroblasts, indicating that apoptosis might be an important mechanism underlying the anti-proliferative effect. Emodin represses TGF-β1-induced EMT in alveolar epithelial A549 cells. Since EMT plays a critical role in the pathogenesis of fibrosis in different tissues and organs 25 , we investigated whether the anti-fibrotic effect of emodin was partially mediated via inhibition of EMT. TGF-β 1 is the principal cytokine in the induction of EMT in a wide variety of biological systems, including AECs 26 . We, therefore, initially assessed whether emodin inhibited TGF-β 1-induced EMT in A549 cells (an alveolar type-II epithelial cell line). TGF-β 1-induced EMT was identified by the morphological alterations ranging from an epithelial shape to a typical spindle-liked fibroblastic shape, which were associated with decreased expression of E-cadherin and increased expression of fibronectin. As expected, emodin intervention inhibited TGF-β 1-induced EMT in a dose-and time-dependent manner, as determined by the changes in cellular morphology ( Fig. 4A ) and expression of EMT markers ( Fig. 4B-E) . Likewise, our immunofluorescence study further demonstrated that TGF-β 1 significantly down regulated E-cadherin expression and upregulated fibronectin expression, when compared with control cells. Nevertheless, emodin treatment enhanced the expression of E-cadherin and reduced the expression of fibronectin, when compared with TGF-β 1 alone treated cells (Fig. 4F) . Additionally, emodin decreased the migration of AECs induced by TGF-β 1, further indicating the inhibitory effect of emodin in EMT (Fig. 4G,H) . Expression of E-cadherin and fibronectin was normalized to GAPDH level in the same sample. A549 cells were treated with TGF-β 1 (10 ng/mL) and emodin (60 μ M) for 24 h, and EMT was further examined by (F) immunofluorescence and (G) wound healing assay. (H) The wound closure rate, representing the migration rate, was detected. Data are expressed as mean ± SD, n = 6, *P < 0.05; **P < 0.01. Emodin targets TGF-β1 signaling pathway to suppress EMT. The ability of TGF-β 1 signaling to stimulate EMT during pulmonary fibrosis is well-documented 10 . TGF-β 1 primarily activates the signal transducer Smads and Smad-mediated transcription of target genes to induce EMT 27 . Thus, we first investigated the effects of emodin on the activation of canonical Smad-dependent pathway. As shown in Fig. 5 , TGF-β 1-treated cells exhibited increased phosphorylation of Smad2 and Smad3, when compared with control cells. However, emodin treatment apparently reduced the phosphorylation of Smad2 and Smad3. In addition, TGF-β 1 also activates MAP kinase signaling 28 . Therefore, we examined the role of emodin in the kinase cascade and found that emodin inhibited the phosphorylation of p44/42 MAPK (Erk1/2) in A549 cells, suggesting that emodin antagonized TGF-β 1-mediated Smad and non-Smad signaling to inhibit EMT. Interestingly, emodin dose-dependently reduced the level of endogenous TGF-β 1 transcripts (Fig. 5e) . Furthermore, since Snail and Slug are recognized as the main transcriptional repressors of E-Cadherin, we also investigated their expression in response to emodin treatment. Surprisingly, the results showed that TGF-β 1 enhanced the mRNA levels of Snail and Slug by 14.02 and 8.09 fold respectively, when compared with control cells (Fig. 5f,g ). Nonetheless, emodin treatment substantially inhibited TGF-β 1-induced Snail and Slug transcription in a dose-dependent manner (Snail: 13.6, 24.0, 38.7%, respectively; Slug: 38.0, 54.9, and 73.7%, respectively).
Emodin suppresses TGF-β1 expression, EMT and fibroblast activation in vivo. We further evaluated the role of emodin in EMT and fibroblast activation during BLM-induced pulmonary fibrosis in rats. Similar to our in vitro observations, both RT-PCR and Western blot studies showed that E-cadherin expression was increased and vimentin expression was decreased by emodin treatment (Fig. 6a,b,e,f) , providing a critical clue that emodin inhibits EMT in vivo. In addition, western blot analysis of lungs showed that the expression of fibroblast-specific protein (FSP)-1 and α -SMA was significantly decreased by emodin treatment (Fig. 6a,b) , revealing the inhibitory effect of emodin on fibroblast proliferation and differentiation. Similarly, vimentin and α -SMA-positive cells were both reduced by emodin treatment as determined by immunohistochemical analysis (Fig. 6c,d ). All these findings support the notion that emodin inhibits EMT and fibroblast activation in BLM-treated rats. Moreover, we demonstrated that the lungs treated with emodin exhibited a reduced level of TGF-β 1, when compared with BLM-treated lungs, which have extensive TGF-β 1 (Fig. 6a,b) .
Emodin reduces collagen production and ECM deposition in vivo. The fibroblast and myofibroblast foci secrete excessive ECM. The imbalance between synthesis and degradation of ECM leads to scarring and destruction of lung architecture 5 . We therefore investigated the role of emodin in collagen production by the lungs treated with BLM, which are key contributors of ECM deposition. Our results revealed that BLM treatment profoundly enhanced the levels of hydroxyproline (a main constituent of collagen), collagen I and collagen III in the BLM-treated lungs when compared with control lungs (Fig. 7a-c) . Impressively, such changes were significantly ameliorated by emodin treatment, suggesting the anti-fibrotic role of emodin neutralized ECM production and accumulation. Additionally, ECM deposition was also quantified by testing for the level of tissue inhibitors of matrix metalloproteinase (TIMP)-1, which prevents ECM degradation 29 . Here, we observed that BLM stimulation caused increased TIMP-1 level, which was partially reversed by emodin treatment (Fig. 7d) , further demonstrated that the inhibitory effects of emodin are partly attributed to increased ECM degradation.
Discussion
In the present study, we investigated the possible role of emodin in pulmonary fibrosis in vivo and in vitro. Our data showed that emodin effectively inhibited ECM deposition, lung remodeling, honeycombing and loss of pulmonary function. Emodin significantly induced apoptosis and inhibited migration, proliferation and differentiation of resident lung fibroblasts. In addition, emodin significantly upregulated the epithelial markers and decreased the expression of mesenchymal markers in vivo and in vitro, suggesting that emodin attenuated BLM-induced pulmonary fibrosis via inhibition of EMT. We also demonstrated that emodin antagonized TGF-β 1-mediated canonical Smad signaling and non-canonical MAP kinase (Erk1/2) signaling to downregulate the expression of Slug and Snail, leading to the inhibition of EMT.
IPF is a complex multi-gene and multi-pathway disease with considerable morbidity and mortality 30 . BLM, an antibiotic, is widely used to treat various tumors. Its cytotoxicity occurs primarily in the lung, causing frequent complications, such as pneumonia and pulmonary fibrosis. Similarly, single treatment with BLM induces biochemical and histological changes in rat lungs, simulating human pulmonary fibrosis 31 . Therefore, the BLM-induced rodent model is extensively used to study the mechanism of pulmonary fibrosis. In the current study, we also utilized this model to elucidate the role and underlying mechanisms of emodin in BLM-induced pulmonary fibrosis. Due to the high diagnostic accuracy of CT, IPF is usually diagnosed based on clinical and radiologic features 1 . Interestingly, our data showed that emodin significantly attenuated the honeycombing lesions caused by BLM. Loss of pulmonary function plays a crucial role in IPF. Therefore, improvement in pulmonary function is particularly important. In the present study, we found that emodin significantly improved pulmonary function in animals with pulmonary fibrosis, which is in agreement with a previous study that rhubarb extract containing emodin as the main active ingredient improved pulmonary function in lung cancer patients 32 . Importantly, no side effects were found in our study, indicating the efficacy and safety of emodin, in accordance with earlier preclinical studies, suggesting tolerance, with no reported toxicity 33, 34 . Based on these observations, we believe that this traditional medicine has a variety of roles other than cathartic effect and may be used as an anti-fibrotic therapy clinically.
IPF is characterized by an abnormal and uncontrolled proliferation of fibroblasts and myofibroblasts, and distortion of lung architecture due to repetitive chronic injury to the AECs followed by disorganized repair process 35 . The poor prognosis of IPF is intimately associated with those increased number of fibroblastic foci, which consist of massive fibroblasts and myofibroblasts 36 . Myofibroblasts that cause exaggerated ECM deposition and contribute to basement membrane damage, epithelial cell death and irreversible fibrotic remodeling, are largely derived from activation and differentiation of resident lung fibroblasts 37 . Talmadge et al. (2015) also showed that around 50% of myofibroblasts originate from resident mesenchymal cells. In this study, we found a limited expression of FSP-1 and α -SMA, and less infiltration of α -SMA-positive myofibroblasts following emodin treatment, conforming the inhibitory role of emodin in fibroblast activation, proliferation and differentiation in vivo. This is very important for amelioration of pulmonary fibrosis by emodin, supported by another report that ablation of FSP-1 and α -SMA expressions alleviates the course of fibrosis in mouse lung 11 . Local enhancement of active TGF-β 1, a critical profibrotic cytokine, mainly produced by AECs in IPF, triggers the differentiation of fibroblasts into myofibroblasts 5 . Hence, we next determined the effect of emodin on TGF-β 1-induced myofibroblast differentiation in vitro. Impressively, emodin significantly repressed upregulation of α -SMA, a marker of myofibroblast differentiation, in TGF-β 1-stimulated HELFs.
In this study, we also investigated the effects of emodin on cellular proliferation, migration and apoptosis in fibroblasts and activated fibroblasts. The results showed that emodin significantly blocked both constitutive and inducible cellular proliferation in fibroblasts, which is consistent with previous studies in hepatocellular carcinoma HepG2 cells where emodin was found to downregulate cyclin D1 expression, a cell cycle regulatory protein 38 . Consistent with this finding, emodin also induced their apoptosis. This is significant because decreased levels of apoptosis in fibroblasts and myofibroblasts are closely linked to the formation of fibrotic lesions and induction of their apoptosis reverses the development of IPF 39 . Further, we observed that caspases mediate the execution phase of apoptosis. Caspases 3, 6 and 7 represent the executioner caspases, in apoptosis. Activated caspase 3 leads to caspase 8 activation, which activates Bax-mediated induction of apoptosis. Our results documented that the expression of cleaved caspase 3, 8 and Bax was upregulated by emodin treatment, clearly indicating that emodin induces caspase-dependent apoptosis in HELFs. This is in agreement with a previous study that emodin induces apoptosis via caspase 3-dependent pathway in HK-2 cells 18 . In addition, anti-apoptotic protein Bcl-2 was significantly decreased, indicating that the downregulation of Bcl-2 expression was likely to be associated with apoptosis induction by emodin in lung fibroblasts and activated fibroblasts. These data indicate that emodin exerts its anti-proliferative activity by inducing apoptosis. However, additional studies are needed to elucidate the effects of emodin on the cell cycle profiles. Furthermore, our data showed that emodin suppressed migration of fibroblasts as well as TGF-β 1-stimulated fibroblasts, an aspect that requires further detailed investigation. The above findings further established that emodin ameliorates BLM-induced pulmonary fibrosis by modulating fibroblast/activated fibroblast activities.
In addition to proliferation and differentiation of resident lung fibroblasts, myofibroblasts may also be derived, in part, from EMT. EMT, accounting for about 33% of myofibroblasts, has been implicated in the development of fibrotic diseases 5, 40 . In this case, TGF-β 1 also plays a key role. Thus, studies investigating TGF-β 1-induced EMT in human AECs are critical to our understanding of the mechanism of IPF. We found that TGF-β 1 triggers the loss of epithelial markers such as E-cadherin in AECs and expression of vimentin and fibronectin, which are specific for mesenchymal cells, consistent with previous studies 41 . Emodin treatment not only inhibited the upregulation of TGF-β 1 expression and TGF-β 1-induced EMT in vitro, but also suppressed TGF-β 1 and EMT induced by BLM stimulation in vivo, implying that the anti-fibrotic roles of emodin are, at least in part, due to TGF-β 1-mediated EMT. Our results are partially in agreement with a recent study by Way et al. (2014) who demonstrated that emodin suppresses TWIS-induced EMT in head and neck squamous cell carcinoma cells 19 . It appears that the enhanced expression of E-cadherin by emodin was mediated via suppression of Snail and Slug, endogenous repressors of E-cadherin. TGF-β 1 induces EMT by Smad-dependent and Smad-independent pathways 42 . Thus, we hypothesized that emodin exerted its efficacy via inactivation of key molecules in the TGF-β 1 signaling pathway. We found that the phosphorylation of Smad2, Smad3 and Erk1/2 was significant repressed by emodin in TGF-β 1-primed A549 cells. This finding was validated in BLM-induced pulmonary fibrosis in rats, evidenced by decreased level of phosphorylation of Smad2, Smad3 and Erk1/2 in emodin-treated groups (data not shown here). Hence, we speculated that emodin may play a hidden therapeutic role in pulmonary fibrosis by blocking TGF-β 1 signaling or inhibiting EMT.
Injured Type II alveolar epithelial cells repeatedly release a variety of mediators, cytokines and growth factors, which promote excessive activation of fibroblasts, EMT and ECM production, thereby leading to IPF 43, 44 . TIMP-1, a prototypic and original ancestral member of the TIMP family, is primarily expressed on alveolar epithelial cells and macrophages, and upregulated during pulmonary fibrosis 45 . Its expression is associated with the stages of disease progression, via preventing MMP-induced ECM degradation and, as a consequent, participating in ECM accumulation 46 . In our present study, we demonstrated that emodin significantly inhibited TIMP-1 expression, which is consistent with previous observation on the activity of emodin in rat hepatic stellate cells 47 . Emodin treatment also reduced the level of collagens, the primary components of ECM, indicating that emodin treatment Scientific RepoRts | 6:35696 | DOI: 10.1038/srep35696 significantly maintained the balance between the synthesis and degradation of ECM components in the local lung microenvironment, which is important for the amelioration of pulmonary fibrosis.
In summary, our results indicate that emodin inhibits TGF-β 1 signaling pathway and subsequently suppresses fibroblast activation, EMT and eventual ECM deposition, thus leading to an improvement in BLM-induced pulmonary fibrosis and pulmonary function.
Methods
Reagents and antibodies. Recombinant human TGF-β 1 was purchased from R&D Systems (Minneapolis, MN, USA), emodin was obtained from Shanghai future industry Limited by Share Ltd (Shanghai, China) and BLM was acquired from Nippon Kayaku (Tokyo, Japan). The primary antibodies described in the study include: anti-E-cadherin, anti-vimentin, anti-cleaved caspase-3, anti-phospho-Smad2, anti-phospho-Smad3, anti-Smad2, anti-Smad3, anti-phospho-Erk1/2 and anti-Erk1/2 (Cell Signaling Technology, CA, USA); anticaspase-3, anti-Bax (Santa Cruz Biotechnology, CA, USA); anti-fibronectin (Proteintech, Chicago, USA); anticaspase-8, anti-Bcl-2 (Absci, MD, USA); anti-TGF-β 1, anti-FSP-1, anti-α -SMA (Abcam, USA); and anti-GAPDH (Beyotime Institute of Biotechnology, Haimen, China). Other reagents were obtained from Beyotime Institute of Biotechnology unless otherwise indicated.
Animals. Adult male Sprague-Dawley rats, each weighing 180-220 g, were purchased from the Experimental Animal Center of Chinese Academy of Sciences in Shanghai. All the animals were acclimatized in a room (12/12 h light/dark cycle; 25 ± 2 °C) and allowed free access to diet and water ad libitum. All the animal experiments were approved by the Animal Care and Use Committee of Shanghai Medical College, Fudan University, and were performed in strict accordance with approved guidelines.
Animal treatment. All the animals were randomly divided into one of the four groups: (1) intratracheal saline plus 0.5% sodium carboxymethyl cellulose (0.5% CMC-Na) intragastrically (control group); (2) intratracheal saline plus 20 mg/kg of emodin in 0.5% CMC-Na i.g. (emodin group); (3) intratracheal BLM plus 0.5% CMC-Na i.g. (BLM group); and (4) intratracheal BLM plus 20 mg/kg emodin in 0.5% CMC-Na i.g. (BLM+ emodin group). BLM (3.0 mg/kg; Nippon Kayaku, Tokyo, Japan) in saline or saline alone was administered intratracheally to the rats on day 0. One day after BLM challenge, emodin or 0.5% CMC-Na was administered orally daily for 21 days. Immediately after all the rats were euthanized, lungs were harvested for the following experiments.
Quantum GX micro-CT Imaging system. Rats were anesthetized by isoflurane and transferred into a PerkinElmer Quantum Gx apparatus (PerkinElmer, USA) to scan the area of the lung fields. The scanned images were uploaded as BMP files into the Proscanarray express software (PerkinElmer, USA) and analyzed with Analyze 12.0.
Evaluation of pulmonary function. Rats were anesthetized with 6% chloral hydrate in saline (600 mg/kg i.p.) and transferred into a plethysmographic chamber (4665 ml volume) to determine the pulmonary function using the Anires2005 system (Beijing Biolab, Beijing, China). This system automatically calculates and displays pulmonary parameters including dynamic compliance (Cdyn), inspiratory resistance (Ri) and expiratory resistance (Re) on the basis of changes detected.
Histopathological examination. Left lungs were fixed in 4% paraformaldehyde in 0.1 M PBS overnight and embedded in paraffin. Then lung sections (5 μ m) were prepared and stained with Masson's trichrome staining. Slices were analyzed under a microscope (Leica DM 4000M, Germany).
Hydroxyproline content. The hydroxyproline content in the lungs was determined using a kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions.
Immunohistochemistry. Tissue sections were deparaffinized and rehydrated using a graded ethanol series.
After antigen retrieval, eliminating endogenous peroxidase and pre-incubating with 5% BSA to block background staining, sections were incubated with rabbit anti-α -SMA antibody (1:100) or rabbit anti-vimentin antibody (1:100) at 4 °C overnight. The color reaction was then made with HRP-linked polymer detection system and counterstained with hematoxylin.
Cell preparation and culture. Human alveolar epithelial A549 cells and human embryo lung fibroblasts (HELFs) were purchased from FuDan IBS Cell Center (Shanghai, China), and cultured in Dulbecco's modified Eagle's medium (DMEM, 4.5 g/L glucose) (Life Technologies, USA) supplemented with 10% fetal bovine serum and antibiotics (100 KU/L penicillin and 100 mg/L streptomycin) in an incubator at 37 °C with 5% CO 2 atmosphere.
Morphological analysish. A549 cells were treated with culture medium alone (control) or with 15, 30, and 60 μ M of emodin for 24 and 48 h, in the presence and absence of TGF-β 1 (10 ng/mL). Cell morphology was observed under an inverted phase-contrast microscope (Leica, Germany). Digital images of cells were randomly captured and examined for morphologic characteristics consistent with EMT at 400x magnification.
Immunofluorescence staining. A549 cells were seeded on glass slides and treated as indicated for 24 h. Wound healing assay. HELFs were seeded in a six-well plate and treated with emodin in the presence and absence of TGF-β 1 (10 ng/mL) for the indicated period. Three parallel lines were drawn on the underside of each well to demarcate the wound areas for analysis. Before inflicting the wound, the cells were fully confluent. A scratch was made in the center of the culture well using a sterile 200 μ L micropipette tip. The wounds were observed using bright field microscopy (Olympus, Tokyo, Japan) and multiple images were obtained at areas flanking the intersections of the wound and the marker lines after the scratch at 0 h, 24 h, and 48 h. Images were obtained for analysis using Image J software.
Apoptotic cell determination.
HELFs were plated in a six-well plate (2 × 10 5 cells/well) and treated with emodin in the presence and absence of TGF-β 1 (10 ng/mL) for 24 h. The cellular apoptotic rate was determined using Annexin V, FITC Apoptosis Detection Kit (Dojindo, Japan).
Quantitative real-time PCR. Total RNA was extracted from lung tissues and cells using TRIxzol Reagent (Invitrogen Corporation, CA, USA). First-strand cDNA was synthesized and amplified from 0.5 μ g of total RNA using the ReverTra Ace qPCR RT Kit (Toyobo, Tokyo, Japan). Then the mRNA levels of collagen I, collagen III, TIMP-1, E-cadherin, vimentin, TGF-β 1, Snail and Slug were analyzed by quantitative real-time PCR (iCyler iQ Real-time PCR Detection System, Bio-Rad Laboratories Inc., USA) using SYBR Green Real-time PCR Master Mix (Toyobo, Japan) in a total volume of 20 μ L. Relative levels of mRNA expression were normalized to GAPDH expression for each gene. Primers are listed in Table 1 .
Western blot. The samples of lung tissues and cells were homogenized in RIPA lysis buffer with protease or phosphatase inhibitor (Roche) and then centrifuged (12000 rpm, 15 min, 4 °C) to obtain supernatants. The total protein concentration was measured by bicinchoninic acid (BCA). Total protein (10-50 μ g) was loaded into each lane onto SDS-polyacrylamide gels and transferred to PVDF membranes (Millipore, MA, USA) and incubated with appropriate primary antibodies overnight at 4 °C. After reacting with HRP-labeled secondary antibodies, the membranes were probed using an ECL-Plus detection kit probed (Tiangen Biotech Co. Ltd., Beijing, China) and then scanned with Imagequant LAS4000 mini (GE Healthcare Life Sciences, CT, USA). The results were analyzed by a densitometry system named Image J.
Data analysis. Data are expressed as mean ± standard deviation (SD), statistical analysis was performed using Students t-test or One-way analysis of variance (ANOVA). A value of P < 0.05 was considered statistically significant.
Gene
Sense Primer(5′-3′) Antisense Primer(5′-3′) 
